C erviCal radiculopathy is characterized by radiating pain from the neck to the shoulder or arm and is typically the consequence of degenerative changes such as disc herniation and osteophyte formation, with lower cervical segments most frequently affected. 10 When treatment with pain medication and physiotherapy has failed there are several surgical treatment options available, the most common being anterior cervical decompression and fusion (ACDF). Artificial disc replacement (ADR) was invented to preserve motion at the index level, to prevent development of adjacent-segment degenerative pathology (ASP). 10 Half of all spine surgeons questioned worldwide ABBREVIATIONS ACDF = anterior cervical decompression and fusion; ADR = artificial disc replacement; ASP = adjacent-segment degenerative pathology; BMI = body mass index; EQ-5D = EuroQol-5 Dimensions; IDE = investigational device exemption; NDI = Neck Disability Index; PROM = patient-reported outcome measure; RCT = randomized controlled trial; SD = standard deviation; Swespine = Swedish Spine Registry; VAS = visual analog scale. OBJECTIVE The long-term efficacy of artificial disc replacement (ADR) surgery compared with fusion after decompression for the treatment of cervical degenerative disc disease and radiculopathy has not previously been investigated in a population-based setting. METHODS All patients with cervical degenerative disc disease and radiculopathy who were in the national Swedish Spine Registry (Swespine) beginning in January 1, 2006, were eligible for the study. Follow-up information was obtained up to November 15, 2017. The authors compared, using propensity score matching, patients treated with anterior decompression and insertion of an ADR with patients who underwent anterior decompression combined with fusion surgery. The primary outcome was the Neck Disability Index (NDI), a patient-reported function score ranging from 0% to 100%, with higher scores indicating greater disability and a minimum clinically important difference of > 15%. RESULTS A total of 3998 patients (2018:1980 women/men) met the inclusion criteria, of whom 204 had undergone arthroplasty and 3794 had undergone fusion. After propensity score matching, 185 patients with a mean age of 49.7 years remained in each group. Scores on the NDI were approximately halved in both groups after 5 years, but without a significant mean difference in NDI (3.0%; 95% CI -8.4 to 2.4; p = 0.28) between the groups. There were no differences between the groups in EuroQol-5 Dimensions or in pain scores for the neck and arm. CONCLUSIONS In patients with cervical degenerative disc disease and radiculopathy, decompression plus ADR surgery did not result in a clinically important difference in outcomes after 5 years, compared with decompression and fusion surgery.
chose this optional treatment instead of fusion in the belief that ADR prevents ASP. 4 More than 100,000 patients in the US receive a cervical ADR device each year. 18 Several nonblinded investigational device exemption (IDE) studies comparing ADR devices with fusion surgery have shown clinical noninferiority in patient-reported outcome measures (PROMs). 2, 5, 8, 15, 16, 22, 24 In contradiction to the intended purpose of cervical motion preservation devices, no protection against ASP has been realized in practice. 19 The national Swedish Spine Registry (Swespine) was founded in 1993 and cervical spine procedures have been included in it since 2006. 26 With use of the Swespine register, the primary aim of this study was to compare the 5-year clinical outcome difference in Neck Disability Index (NDI) in patients with cervical degenerative disc disease and radiculopathy who had been treated with ADR compared with patients treated with fusion surgery. Secondary outcomes were the EuroQol-5 Dimensions (EQ-5D) health survey findings and pain scores.
Methods

Trial Design
In this register-based cohort study we obtained prospectively collected data for all Swedish patients undergoing surgery on the cervical spine who had been registered in Swespine since the registration of cervical procedures started on January 1, 2006. Follow-up information was obtained up to November 15, 2017 . Inclusion criteria were cervical disc herniation with radiculopathy or foraminal stenosis with radiculopathy, which had been surgically treated with anterior decompression followed either by insertion of an ADR or by fusion with either a plate with autograft/allograft, a stand-alone cage, or a cage with plate. Exclusion criteria were previous cervical spine surgery, symptoms of myelopathy, cervical malformation, or marked instability. All patients participating in a randomized controlled trial (RCT) comparing ADR with fusion (ISRCTN, registration number 44347115) 11 were excluded.
Data Collection and Outcomes
Patients completed baseline characteristic questionnaires and postal follow-up questionnaires as well as validated PROMs without any assistance from the surgeon. 7, 26, 27 Preoperative data included age, sex, BMI, smoking habits, working status, sick leave status, duration of neck pain, fine motor skills, and PROMs including NDI, EQ-5D, and the 10-grade visual analog scale (VAS) scores obtained separately for arm and neck pain. The attitude toward returning to work after surgery was investigated with the following question: "Do you think you will be able to return to your previous work after the surgery?" The surgeon recorded surgical data including diagnosis, surgical treatment method, surgical levels involved, neurological impairment, Ranawat grading, 23 Frankel grading, 6 instability of the cervical spine, type of implant, and any eventual perioperative complications. Follow-up questionnaires and PROMs were sent to the patients after 1, 2, 5, and 10 years postoperatively.
The primary outcome (i.e., the NDI score) is a 10-item self-administered questionnaire measuring disability in patients with neck pain. The questions measure daily activities (e.g., the ability to dress, lift heavy objects, read, work, drive a car, sleep, and perform leisure-time activities) as well as concentration abilities and the severity of pain and headache. Each item is scored from 0 to 5. The maximum score is 50 points, indicating severe disability, and the minimum score is 0, indicating no disability. In order to handle missing items, the score is transformed into a percentage by doubling the total score (range 0%-100%). 21 The minimum clinically important difference in NDI is 15%-17%, 3, 21, 29 with a standard deviation (SD) in similar series of 17%.
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Secondary outcomes were the EQ-5D scores (ranging from -0.5 to 1, with higher scores reflecting a better quality of life), 26 EQ-5D health scores (ranging from 0 to 100, with higher scores indicating better health), and VAS scores for neck and arm pain 13 (ranging from 0 to 10, with higher scores indicating more severe pain). The minimum clinically important difference is 2.5 for VAS of the neck and for VAS of the arm. 
Study Oversight
The study was approved by the local Swedish ethics review board. Since 1998 the Swespine protocol has been entirely patient based, and all participants provide oral and written informed consent. The Swespine register is owned and governed by the Swedish Society of Spinal Surgeons (www.4s.nu) with public financial support. The authors designed the trial, analyzed the data, wrote the manuscript (with the first draft written by the first author), made the decision to submit the manuscript for publication, and vouch for the completeness and accuracy of the data and analysis. No institution or company had a role in collecting or analyzing the data, preparing the manuscript, or in the decision to submit the manuscript for publication.
FIG. 1. Consolidated Standards for Reporting of Trials (CONSORT) diagram.
Statistical Analysis
Missing values were replaced with multiple imputation performed using chained equations as implemented in the R package MICE, 28 generating 100 imputations. These imputations were analyzed one at a time, pooling the results using Rubin's rules. 28 The following imputation models were used: predictive mean matching for numerical variables, logistic regression for dichotomous variables, and ordinal regression for ordinal variables. The proportion of missing values ranged from 0.1% for "number of degenerative levels" to 16.8% for "attitude towards returning to work after surgery."
To select confounders that might give rise to treatment selection bias, we used present knowledge and a directed acyclic graph. 9 A propensity score was constructed to control for the following potential covariates: sex, age (continuous), smoking (current vs no smoking at present), body mass index (BMI; continuous; kg/m 2 ), unemployed (yes vs no), sick leave (yes vs no), disability pension (yes vs no), number of degenerated levels (1 to 4), the attitude toward returning to work after surgery (positive vs negative), and preoperative NDI (continuous).
Patients were then matched one to one based on estimated propensity scores limited by the requirement that the difference between scores should be no larger than 0.001, surgery should have taken place within 180 days, and follow-up NDI should be available. Matching was performed using logistic regression models with ADR as the outcome and the confounders as explanatory variables. The mean and SD for numerical variables and the numbers and percentages for categorical variables before and after matching were calculated, together with a p value for the null hypothesis of equal distributions. Time plots were made illustrating primary and secondary outcomes after 1, 2, 5, and 10 years of follow-up. Using ANCOVA, we compared the mean 5-year outcome values between the treatment groups, adjusted for the covariates included in the propensity score and also for the baseline values for each outcome. The mean differences of the 5-year values between the groups are presented with a 95% CI and p value. A positive mean difference corresponds to higher values for ADR (compared with fusion). In addition, all available cases were analyzed, including all patients who had completed each postal follow-up, with imputation for missing data.
Follow-up of tertiary outcome variables was investigated for all available cases by using linear regression for the numerical variables age and BMI (results presented as mean differences between the groups); logistic regression for the dichotomous variables of retirement, sick leave, disability pension, improvement of fine motor skills, working status, and heavy work (results presented as odds ratios, with fusion surgery used as the reference); and ordinal regression for postoperative sick leave and satisfaction index (odds ratios).
The mean number of complications and secondary surgeries was computed for all available cases for each group and compared using unadjusted and adjusted linear regression analysis. Reoperations on the index level and the adjacent levels were analyzed separately. We analyzed time to revision surgery by using a Kaplan-Meier plot. All statistical analyses were performed in R, version 3.1.0 (http://www.R-project.org/; R Foundation for Statistical Computing).
Results
We enrolled 6052 patients, of whom 3998 met the inclusion criteria. Anterior decompression and insertion of an ADR had been performed in 204 patients (mean age 46 years), of whom 100 (49%) were women and 105 (51%) were men. A total of 3794 patients (mean age 50 years) had undergone ACDF, including 1919 (51%) women and 1875 (49%) men. The percentages of smokers and patients on sick leave were similar in both groups, whereas fine motor skills were less impaired in the arthroplasty group (57%) than in the fusion group (69%). The attitude toward returning to work after surgery was slightly more positive in the arthroplasty group (88%) compared with the fusion group (84%). The hospital stay was 2.1 ± 1.1 days for the arthroplasty group and 2.2 ± 1.7 days for the fusion group (Table 1 ). All the patients observed had not fulfilled all the follow-up time requirements. There were 2535/3416 (74%) responding patients with a 1-year followup, 1990/2931 (68%) patients with a 2-year follow-up, and 1044/1570 (67%) patients with a 5-year follow-up (Fig. 1) . After propensity score matching, 185 patients with 5 years of follow-up remained in each group and there was a good covariate balance between the groups.
The cervical levels involved were allocated within the propensity score-matched patient groups as follows: C3-4, 6 (1.6%); C3-5, 1 (0.3%); C4-5, 24 (6.5%); C4-6, 11 (3.0%); C4-7, 3 (0.8%); C5-6, 123 (33.2%); C5-7, 70 (18.9%); C6-7, 121 (32.7%); C6-T1, 2 (0.5%); and C7-T1, 8 (2.2%). The arthroplasty devices used were Discovery (DePuy), 24; Bryan Cervical Disc (Medtronic), 18; ProDisc-C (Synthes Spine), 18; Prestige Cervical Disc (Medtronic), 12; Secure-C Disc (Globus), 7; Baguera-C (SpineArt), 8; and Kineflex-C (Southern Medical), 6. Information about the remaining 92 devices used in arthroplasties was not registered, but 79 of them were performed at the same hospital where Discovery (DePuy), Baguera-C (SpineArt), Bryan Cervical Disc (Medtronic), M6 (Spinal Kinetics), and Kineflex-C (Southern Medical) arthroplasties were used during the observed time period.
Outcomes at 5 Years
The ADR group improved in NDI from 39.9 (95% CI 37.0-42.9) to 20. Fig. 2 ).
There were no mean differences between groups in EQ-5D (0.03; 95% CI -0.06 to 0.12; p = 0.50), VAS neck (-0.30; 95% CI -1.17 to 0.58; p = 0.50), or VAS arm (-0.32; 95% CI -1.21 to -0.57; p = 0.47) scores (Table 2) .
Tertiary Follow-Up Variables and Secondary Surgery
There were fewer patients in the arthroplasty group who reported dysphagia in the first 3 months after surgery than there were in the fusion group (OR 0.61; 95% CI 0.41-0.92; p = 0.019). We observed no other differences between the groups for other tertiary outcome variables, such as BMI, working status, sick leave, disability pension, fine motor skills, and satisfaction index.
There were, however, more adverse events in the arthroplasty group (15/100 operations) than in the fusion group (5/100 operations; p < 0.001 for the difference between the groups). The most common adverse events in the ADR group that demanded immediate intervention were post- operative hematoma (4/100 operations), extraction or repositioning of the device (3/100 operations), residual stenosis (1/100 operations), and dural tear (1/100 operations). In the fusion group the most common adverse events were postoperative hematoma (1/100 operations), dural tear (1/100 operations), and residual stenosis (1/100 operations). There was no difference between groups for secondary surgery on the adjacent levels, with 1/100 ADR surgeries and 2/100 fusion surgeries (p = 0.90). The total number of reoperations was higher in the arthroplasty group, with 8/100 operations compared with 3/100 operations in the fusion group (p = 0.002) ( Table 3 , Fig. 3 [Kaplan-Meier curve]).
Sensitivity Analysis Without Propensity Score Matching
The results of the imputation analyses of all available cases were similar to those of the propensity score matching, with no clinically significant difference between groups after 5 years of follow-up (Table 4) .
Discussion
This is the first observational study from a national spine registry conducted using PROMs that report longterm PROM findings after surgery with cervical ADR devices compared with anterior fusion. We found no significant clinical differences in patient satisfaction between the groups, but we found a higher degree of adverse events after surgery with ADR devices.
Before propensity score matching, there were clear indications of selection differences between the patient groups: the patients receiving arthroplasty were younger, had less impairment of fine motor skills, had lower NDIs at baseline, and were more positive toward returning to work than the patients receiving fusion surgery. After matching, there were no statistical differences, and none of the adjustments of our estimates precluded clinically important differences between the ADR group and the fusion surgery group at any point, despite the fact that both groups halved their NDI scores. Our finding is consistent with our RCT 11 and the previous IDE studies. 2, 5, 8, 15, 16, 22, 24 In fact, the outcome 5 years after surgical treatment for cervical radiculopathy has recently been discovered to be more dependent on preoperative mental distress, such as anxiety and depression, than the chosen surgical method, whether ADR or fusion.
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The ADR group, however, had more perioperative complications, more secondary surgeries on the index level, and the same incidence of secondary surgery on adjacent levels compared with the fusion group. Hence, ADR surgery required more revisions and did not prevent progression of clinical ASP, one of the main arguments for the use of this device. Our results regarding secondary surgery from this observational study support our findings from the RCT, which we have reported separately.
11 It has been suggested that the high incidence of loosening and subsidence could be related to the type of implant used, which was an unconstrained device in the RCT.
14 Our present study using the Swespine register, however, includes several types of ADR devices, both semiconstrained and unconstrained, and still shows more indexrelated secondary surgeries in the arthroplasty group.
17,25
The clear disparity in prevalence of procedures may reflect the overall experience and facility with ACDF as opposed to ADR, and surgeons who are early in the learning curve with ADR may be more likely to revise implants if the outcome is not as expected. Patients' expectations for ADR may be different than those for ACDF, and therefore may have a lower threshold for reoperation at the index level if those expectations are not met. Our results contradict those of other large RCTs with a 5-year follow-up; 2,5 i.e., they report a higher frequency of secondary surgery in the control group compared with the ADR group, mostly because of nonunion. Such a discrepancy might be a result of whether pseudarthrosis is decided on the basis of radiographs alone or if the diagnosis is made only if the patient has severe symptoms together with signs of nonunion on radiographs. Variation in indications for when to use the nonunion diagnosis could also explain the differences in results between the studies.
Our study has several strengths. First, Swespine is a nationwide register in which validated instruments are used with prospective collected data. Second, in 2016, 90% of the spine clinics in Sweden were affiliated and the register completeness was 75% (www.swespine.se). 7, 26, 27 Therefore, these results reflect a national setting and not just a few clinics or surgeons. Compared with earlier publications, our study differed because there were no sponsors from arthroplasty manufacturers, which might explain the results regarding higher complication rates and secondary surgery in the arthroplasty group compared with those that have been reported from IDE studies. * ANCOVA adjusted for sex, age, smoking, BMI, unemployment, sick leave, disability pension, number of degenerated levels, attitude toward returning to work after surgery, and preoperative NDI.
Our study has some limitations that merit discussion. First, the major limitation of our study is the observational design, although pseudo-randomization creating comparable groups with propensity score matching was used. We cannot rule out residual confounding and differential selection of patients to each group. Second, there were many patients lost to follow-up: 32% in year 2 and 34% in year 5. However, all patients in the primary propensity scorematched analysis had 5-year follow-up data. Third, not all complications and reoperations are reported in Swespine. 20 However, we find it unlikely that this is device related, and it should therefore affect both treatment groups equally. A last limitation is that there were a variety of artificial discs used, including at least one that is no longer available and others that were unknown because some surgeons fail to report which specific implant has been used. Then, as now, information is sparse regarding whether certain discs are better than others, which might have negatively impacted the arthroplasty group. However, this is not an RCT; instead, this observational study shows how different surgeons and implants will in fact vary widely in a national setting.
Conclusions
We found no clinically significant differences in primary or secondary outcomes between the ADR and fusion groups after anterior decompression of cervical radiculopathy, in the short term or during long-term follow-up.
